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We discuss the statistical correlation properties of currents and energy flows generated by an adi- 
abatic quantum pump. Our approach emphasizes the important role of quantized energy exchange 
between the sea of electrons and the oscillating scatterer. The frequency uj of oscillations introduces 
a natural energy scale huj. In the low temperature limit kaT <C hw the pump generates a shot-like 
noise which manifests itself in photon-assisted quantum mechanical exchange amplitudes. In the 
high temperature limit ksT ^ hu the pump produces a thermal-like noise due to ac-currents gen- 
erated by the pump. We predict that with increasing temperature the frequency dependence of the 
noise changes. The current noise is linear in ui at low temperatures, is quadratic at intermediate 
temperatures, and is linear again at high temperatures. Similarly, in the same temperature regions, 
the heat flow noise is proportional to oj^, uj^, and lu. 

PACS numbers: 72.10.-d, 73.23.-b, 73.50.Td 



I. INTRODUCTION 

Quantum pumping, a phenomenon in which a periodic 
local perturbation gives rise to a directed current in a 
phase coherent mesoscopic system, attracts great attention 
of both experimentalists-"— and theorists-"—. The physical 
mechanism leading to adiabatic quantum pumping involves 
quantum-mechanical interference and dynamical breaking of 
time-reversal invariance. This mechanism is relevant not only 
for open (i.e., connected to external particle reservoirs) sys- 
tems but also for closed (ring-like) mesoscopic systemsp— *— 

The possibility^*— to achieve quantized transport, 
not only of charge but in addition heat— and 
spin^i— ~— - currents, makes pumping interesting also in view 
of possible applications. Quantum pumping has been inves- 
tigated in systems of strongly correlated electrons^*— 
for systems in the quantum Hall regime—*— and in hybrid 
superconducting-normal structuresi— ~— - Clearly any meso- 
scopic system with periodically evolving properties is able to 
exhibit a quantum pump effect. 

Since the pump works under the influence of a 
time-dependent (periodic) perturbation it generates time- 
dependent (ac) currentsi-i-- The dc current, which is mainly 
of interest, is just the time averaged fully time-dependent cur- 
rent generated by the pump. The ac currents manifest them- 
selves, for instance, in an interference effecli-- with ac currents 
driven through the pump if an external ac bias-*— ~— - is ap- 
plied. In addition, as we will show in this work, the ac currents 
are visible in the noise of an unbiased pump, FiglTI 

The noise of a pump is important because it is closely 
related to whether quantized pumping is possible^-*— *— In 
addition the noise contains information about the physical 
processes taking place in quantum pumps which can not 
be obtained by considering only the time-averaged pump 
currentpS&i^-^ 

In the present paper we use the Floquet scattering matrix 



approach— —- to investigate the quantum statistical correla- 
tion properties (noise) of multi-terminal adiabatic quantum 
pumps, Fig0 Our approach is based on the scattering ma- 
trix approach to ac transport in phase coherent mesoscopic 
systema-. According to this approach the currents flowing in 
the system are determined by the scattering of electrons com- 




FIG. 1: Noise of a quantum pump: Two particles, an electron 
(open circle) and a hole (black circle), are involved in the scat- 
tering process relevant for the quantum noise. Different final 
states of a particle are possible: a particle can be transmitted 
into either of the leads (shown by dashed lines). These pro- 
cesses are described by photon-assisted quantum-mechanical 
exchange amplitudes. 
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ing from the reservoirs by the mesoscopic sample— "The 
basics of the approach used here is presented in Refs. I22l7ll 
and the results obtained here generalize Ref. to the case of 
a large amplitude pump. 

Starting from a general formalism we mainly deal with the 
low frequency limit that differentiates our work from other 
works employing the Floquet approach to a current noise 
problem and concent rating on a limit of high driving frequen- 
cies (see, e.g., Refs. 18018 if) . The low frequency limit corre- 
sponds to adiabatic quantum pumping which was investigated 
experimentally in Ref. [ll 

The Floquet scattering matrix approach, on the one hand, 
emphasizes the existence of side bands of electrons exiting 
the pump: these side bands are directly connected to the ac 
currents generated by the pump. On the other hand, this ap- 
proach allows to reformulate an intrinsically non-stationary 
problem in terms of a stationary one. The latter is more con- 
venient for the investigation reported here, for instance, it 
permits a transparent discussion of heat flow and its fluctu- 
ations. Therefore within the framework of the Floquet scat- 
tering matrix approach we can consider two aspects of parti- 
cle flow fluctuations on the same footing: (i) fluctuations of 
the charge (current) flow, and (ii) fluctuations of the energy 
(heat) flow. We investigate these fluctuations and their de- 
pendence on the pump frequency at low and at relatively high 
temperatures. 

The paper is organized as follows. In Sec|n]we derive the 
general expressions for the current and heat flow noise in 
terms of the Floquet scattering matrix elements, and outline 
the adiabatic approximation used in the following sections. 
In Secs lliil and ll VI we calculate the current noise and the heat 
flow noise, respectively, generated by an adiabatic quantum 
pump. In Sec0we apply the general expressions of previous 
sections to a pump consisting of two oscillating delta-function 
barriers. We conclude in Sec I VII 



II. FLOQUET SCATTERING MATRIX 
EXPRESSIONS FOR NOISE 



fcs is the Boltzmann constant. 

The operators ba{E) for outgoing particles are related to 
the operators aa{E) through the scattering matrix of the sam- 
ple under consideration.**" 

We consider a sample that is subject to external forces that 
are periodic in time. In particular its scattering properties 
oscillate in time with period T = 2-k /uj. As a consequence an 
electron interacting with a scatterer can gain or loss one or 
several energy quanta nTiuj, n = 0, ±1, ±2, .... Scattering on 
such an oscillatory scatterer can be described via the Floquet 
scattering matrix. We are interested in the sub-matrix of 
the Floquet matrix which describes the transitions between 
the propagating statesi— We denote this sub-matrix by Sf- 
The elements SF,ai3{E„, E) of this matrix are the quantum 
mechanical amplitudes for an electron with energy E entering 
the scatterer through lead l3 and to leave the scatterer with 
energy En = E + nTiu) through lead a. The particle has thus 
absorbed (n > 0) or emitted (n < 0) energy quanta \n\Tiuj. 
The matrix Sf is unitary: 

oo 

S*F^af){En,E)SF,a-t{En,Em) = Sm0&l3"i, (4a) 

a n— — oo 



SF,cyl3{E, En)SF,i0{Em, En) ~ SmoScf (4b) 

71— — oo 

Using the Floquet scattering matrix we can express the 
annihilation operators for outgoing particles in terms of the 
annihilation operators of the incoming particles, 

L(S) = ^^S'F,<./3(i;,£n)a,3(£;n). (5) 

n 

The unitarity conditions Eqs. Q guarantee that the oper- 
ators for outgoing particles obey the same anti-commutation 
relations as operators for the incoming particles. 



We consider a mesoscopic sample (scatterer) connected to 
Nr reservoirs via single channel leads. The reservoirs are as- 
sumed to to be at equal temperatures To, and electrochemical 
potentials /ic 

fla = Ta ^T, a = 1, . . . , Nr. (1) 

Let (E) and ba (E) be the annihilation operators for par- 
ticles incident from and outgoing to the reservoir a, respec- 
tively. The operators adE) for incoming particles obey the 
following anti commutation relation 

[aUE),a^{E')] = S^0S{E^E'). (2) 

We assume that all the reservoirs are unaffected by the cou- 
pling to the scatterer and are in the equilibrium state. 

Consequently, in all the leads, the quantum statisti- 
cal average denoted by (...) of the incoming particles are 
those of an electron system at equilibrium. In particular, 
{al{E)ag{E')) = S^fiSiE - E')fo{E) is proportional to the 
equilibrium Fermi distribution function, 

ME) = — — . (3) 



A. Current noise 

The correlation function Pa/3(ii,i2) of currents isfiSi : 

Pci3iti,t2) = ^{AL{ti)Aifj{t2) + Ai0{t2)AL{ti)), (6) 

Here Ia{t) is the current operator in lead a and AIa{t) = 
ia{t) — {Ia{t))- In the low temperature and low frequency 
limit of interest here 

fcsT, hw -ti fJ-, (7) 

the operator Ia{t) ia— 

/c(t) = | J dEdE'[bl{E)K{E') - al{E)ac,[E')y^\ 

(8) 

In the present work we investigate the correlation function 
for currents generated by the oscillating scatterer (a quan- 
tum pump). Since the pump is non-stationary the function 
'Pai}{ti,t2) depends on two times. However the pump works 
slowly: the pump frequency is small compared to the Fermi 
energy (oj ^ A*/^) s-nd it generates only noise in states lying 
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close to the zero frequency region. To make this noise visi- 
ble we need to eliminate the contribution coming from high 
frequency quantum fluctuations. To this end we integrate 
the correlation function Pc«/3(ti,t2) over the time difference 
T — ti ~ t2 and get the function Faffit) depending only on 
the middle time t = {ti + t-i)l1- This function is periodic 
in time with period T and it is a correlation function of the 
currents generated by the pumpp— 

We are interested in the zero-frequency Fourier coefficient 
of this function. Thus the quantity of interest is: 

P./3 = 2 II I d^p„^(t+I,t_I) (9) 

-oo 



The first term P^'^' is thermal (or Nyquist - Johnson) noise 
modified by the pump. It is due to thermal fiuctuations of the 
incident states and disappears at zero temperature T = 0. 

The second term P^^"* is a shot noise contribution. It is 
entirely due to a working pump. The terms in Eq. Il()c|l 
describe quantum mechanical exchange during scattering of 
particles from the leads 7 and 5 to the leads a and /3. The 
only difference from the stationary case is that during a scat- 
tering process an electron can change its energy absorbing or 
emitting energy quanta Roj. The quanta emitted/absorbed 
are counted by n, m and p in Eqs. llOblllOcI In the scat- 
tering processes which contribute to the noise two particles 
with energy _E„ and Era are incident through leads 7 and 
(5, respectively. The particles leave the scatterer through the 
lead a having energy E and through the lead /3 having energy 
Ep — E + pfiLu. 

The term Pj^"^' contributes both at finite as well as at zero 
temperature. However it vanishes if the pump does not work. 

I 



Since the cross correlations are negative and because of the 
sum ruleEq. (ETJ 

we conclude that the auto correlations are 
necessarily positive Paa\E) > 0. 

We remark that cross-correlations can be positive even for 
normal conductors if they are imbedded in an external cir- 
cuit with a finite impedance, and in particular even if they 
are subject to oscillating voltages applied to the terminals 
of the conductor. In addition interactions can change the 
sign of correlations. We refer the interested reader to re- 



The zero-frequency noise considered here corresponds to a 
noise measurement which long compared to all intrinsic fre- 
quencies and long compared to the pump frequency. We re- 
mark that for very slow pumping cycles one could alterna- 
tively investigate the noise spectrum for a particular value of 
the pump parameters, assuming that the noise measurement 
is carried out on a times-scale short compared to the pump 
frequency. 



Using Eqs. Q we can express P^/s in terms of the 

Floquet scattering matrix: 



(10a) 



(10b) 



(10c) 



This is so, since for a stationary scatterer only energy conserv- 
ing transitions are allowed. In Eq. llOcL for the stationary 
scatterer, only the terms with n — m — p — remain. For 
such terms the difference /o(Sn) — /o(£'m) is identically zero. 

Using the unitarity conditions Eqs. @ we can check that 
the above noise power is subject to the conservation lawsi— 

/3 a 

To prove the second equality one needs to make the shifts 
E —> E — pTiw, n —> n — p, and m ^ m — p in Eq. (llUcl . 

Let us consider the sign of current correlations. The auto 
correlations (a = /3) are positive and the cross correlations 
{a 7^ /3) are negative as it should be for fermionsi— *— The 
thermal noise P^js^^) satisfies obviously this sign rule. To 
show this for the shot noise contribution we follow Ref. [s^ 
and rewrite Eq. lllUcl : 



2 

<0, (12) 

I 

cent discussions—*—. However, none of these factors plays a 
role here and the cross-correlations are negative as in a sam- 
ple subject to dc-transport and connected to an ideal zero- 
impedance external circuit. 

Strictly speaking one can not rigorously separate the shot 
noise from the thermal noise especially at hui ~ fcsT. Here we 
have introduced the two contributions, P^*^' and P^^', for 
convenience only. Their distinction is insofar justified as they 
depend differently on the temperature and pump frequency. 



2e' 



P./3 = ^ / PiV''(i?) + Pit'(S) 



j(th) 

al3 



oc 

(E) = fo{E)[l - /„(£)] (<5,^ + E {-^.^/sE l'S'f-,c7(i^n,£)|' - \SFMEn,Ef - \SFMEn,Ef^ 



n — — 00 



00 CXD 00 



pit'(^)-E E E E 

7,(5 n— — ocm— — oo p— — 00 



^^—^ ^ 7/—^ ^—Sp^a^fiE, En)SF,as(E, Em)Sp^ps{Ep, Em) S F,f3-f{Ep^ En) ■ 



00 

E E foiEn)S*p^„.^{E, E„)Sf,0^{Ep, E„) 

Ti — — OC 7 
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B. Heat flow fluctuations 

By analogy with the current operator la Eq. we intro- 
duce a heat flow operator in the lead a : 



isAt) = 1! dEdE'{E-ti) 
x[bi{E)b4E') - di{E)aa{E')]e'- 



(13) 



The heat flow Ie.c is the difference between the flows of 
energy (measured with respect to the Fermi energy /j.) car- 



J 



ried by electrons from the scatterer to the reservoir a and in 
the opposite direction. This deflnition makes sense since the 
operators (6j,(i5), aj,(i5), . . . ) correspond to particles with a 
deflnite energy E. 

The correlation function PE,ap{ti,t2) of heat flows and the 
zero frequency heat flow noise power Pe.c^ of interest here 
is defined in a full analogy with Eqs. @ and @, [replacing 
io.{t) by lEAt)]- 

Using Eq. @ we express the zero frequency heat flow noise 
power P_B,a/3 in terms of the Floquet scattering matrix as 
follows: 



^E,., = lj dE[n%{E) + V%%{E) 



y(th) 



(E) = fcsT - 



8fa{E) 
dE 



Sap{E-tif+ E \Scp{E,,^ fif^\SF,c-,iEn,E)\^ 



-{E - fi){E„ - li)[\SFMEr^,E)\^ + \SFMEn,E)\^jyj 



(14a) 



(14b) 



OC OO OO 



■"^,6 71 — — oom— — OO p— — OO 



r 



Sf,oi-i{E, En)SF,as{E, Em) S E,l3s{Ep , Em) S F,l3j{Ep , En). 



In analogy with the current noise power we divide the whole 
heat flow noise power into two parts. is termed the 

thermal heat noise since it disappears at zero temperature. 
P^E^a/siE) is called the heat flow shot noise. 

Since the pump is a source of energy flows from the scat- 
terer to the reservoirs for the heat flow noise power FE,ai3 we 
do not expect a conservation law like Eq. (IIH . 



C. Adiabatic approximation 

To calculate the noise power Pc,p one needs to know the 
Floquet scattering matrix. That requires the solution of a 
full time-dependent scattering problem. However for a slowly 
(adiabatically) oscillating scatterer the solution of a station- 
ary scattering problem is sufficient!— *— 

Let us assume that the scattering of electrons with energy E 
by the stationary sample can be described via the (stationary) 
scattering matrix S{E, {x}) depending on some parameters 
Xi G — 1,2, .. . ,Np (e.g., sample's shape, the strength 

of coupling to leads, etc.). Varying these parameters one can 
change the scattering properties of a sample. We suppose 
these parameters to be periodic functions in time: Xi{t) — 
Xi{t + T),yi. Then the matrix S becomes dependent on time: 
S{E,t) = S{E,{x{t)}). In general the matrix S{E,t) does 
not describe the scattering of electrons by the time-dependent 
scatterer: only the Floquet scattering matrix Sf{E„, E) does. 

However if the parameters Xi change so slowly that the 
energy quantum huo is small compared with the relevant en- 
ergy scale 5E over which the scattering matrix S(E) changes 



significantly 

ftt^ < 5^; < At, (15) 

and therefore S{E) « S[E -\- hto), then the elements of the 
Floquet scattering matrix can be expressed in terms of the 
Fourier coefficients of the matrix S{t). Note the energy scale 
SE can vary from case to case. For instance, close to a trans- 
mission resonance SE is a resonance width but far from the 
resonance 5E is rather the distance between resonances. For 
many channel scatterers well connected to leads SE is the 
Thouless energy. 

The first two terms of an expansion of the Floquet scatter- 
ing matrix in powers of huj/SE ^ 1 read— > 



Sf{E„, E) — Sn 



En 



E 



hLoAn{E) + 0{[huj/SEf 



(16) 

Here the matrix of Fourier coefficients is defined in the fol- 
lowing way {Y = A,S): 



Yn{E) = ^Jdte''"^'YiE,t), 





(17) 



Y{E,t)^ E e- 



'Y„iE). 



The matrix A is subject to the following equation 
hcu (^S\E,t)A{E,t) + A''{E,t)SiE,t)^ = i-pis^'-S}, 



-p/qt qi -fi I dS^ 9S dS^dS 



(18a) 
(18b) 
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Note the matrix 7'{5^; S} is traceless. 

Without magnetic fields when the stationary scattering ma- 
trix is symmetric in lead indices, Sap — S/Sa, the matrix A is 
antisymmetricii- A^p = —Ap^- 



III. ADIABATIC CURRENT NOISE POWER 

In this section we use the adiabatic approximation Eqs. 
llbH . 11811 to calculate the current noise power Eq. HUH . A 
working pump modifies the thermal noise according to Eq. 
llObl l and it is a source of shot noise Eq. llUcl . 



spectral density of (dc) currents pushed by the pump into the 
lead a: 



dI^{E) _.e_ J dtf d^dS^ _ dS 

dE ^^2tv J T [ dt BE dE dt 
^ 



(21) 



The second quantity is a symmetrized spectral current 
density describing currents driven from lead a to lead 13: 
dl'^^p/dE = dla/i/dE + dlpa/dE, where dIap/dE is the spec- 
tral current density pushed by the pump from lead /3 to lead 
a. Without magnetic fields the scattering matrix 5 is sym- 
metric in the lead indices and the matrix A is antisymmetric. 
In this case we findi— 



Current thermal noise 



di: 



dE *27r 



dt / dSai3 dS'^p 
T \ dt dE 



dE dt 



(22) 



In the high temperature regime, relevant for existing ex- 
periments, 

hu < fcsT, (19) 

the main source of noise are equilibrium thermal fluctuations. 
A working pump modifies the thermal noise only slightly. 
However the noise produced by the pump has a character- 
istic dependence on frequency and temperature and thus can 
be detected. 

To calculate the thermal noise P^'^' in the presence of a 
slowly oscillating scatterer we substitute the adiabatic expan- 
sion Eqs. llfcill for the Floquet scattering matrix into Eq. 

Since we find the Floquet scattering matrix with an 
accuracy of lu we calculate the noise with the same accuracy. 

After a little algebra (see Appendix, SecQ we find for the 
zero-frequency thermal noise: 



Clearly, we have ^ dlj^l/dE = dIa/dE. Therefore each of 



the terms P 



(th,0) 
a/3 



and P 



a/3 

(th,p) 
a/3 



separately satisfies the conser- 



vation laws Eq. IIIH . 

The contribution Pq"*'*''' is the result of an interference be- 
tween fiuctuating currents coming from the reservoirs and ac 
currents generated by the pump. Interference terms of this 
type occur also for a pump in the presence of oscillating reser- 
voir potentialsi— Such interference terms are thus present 
whenever the reservoirs are brought into a non-equilibrium 
state either through ac-voltages or as here through sponta- 
neous equilibrium fluctuations. These interference corrections 
are small compared to the equilibrium thermal noise. 



j(t/i,p) 

a/3 



Je' 



(23) 



p(th) 



h 



dE[p^:'/\E)+F':p''\E)), 



(20a) 



'II) (2<5a/3-|Sa/3(£)r-|S/3a(i5)|'), 

(20b) 



{E) = kgT 



dfo\ h 
' dE ) e 



dUE) dii:i{E) 



>cil3- 



dE 



dE 



(20c) 

The first term P^*^'"' is the equilibrium (Nyquist- Johnson) 
noise in the presence of a working pump. The second term 
■f ajs ''' ^ contribution to the thermal noise due to the op- 
erating pump. For an adiabatic pump the first term is thus 
independent of frequency whereas the second term is linear in 
the pump frequency u [see, Eqs. 12111 . 1221 1. 

In Eq. 120bll we have introduced the time averaged con- 
ductances 

r 

\SME)\' = j^\S^p{E,tf. 



In Eq. I20ct we have introduced the quantities which are 
intrinsic characteristics of a working pump: the instantaneous 
currents generated by the pump.'^^ The first one dIa/dE is the 



Nevertheless it is these interference corrections which are re- 
sponsible for the dependence of the high temperature current 
noise, Eq. (H^J, on the pump frequency u). 

The pump induced contribution to the thermal noise P^*^'*'' 
is linear in frequency u) like the pumped current. On the 
other hand it is linear in temperature T like the equilibrium 
noise itself. However unlike the P^'^'''', which is positive at 
a = P and negative at a 7^ /3, the interference corrections 
^ap'^^ being small have no definite sign. The instantaneous 
currents dIap/dE produced by the pump can be either pos- 
itive (flowing from lead /3 to lead a) or negative (flowing 
from lead a to lead /3). For instance, in Sec[V]we consider 
a particular example where the pump produces a negative 
contribution to the auto correlations [a — /3) and a positive 
correction to the cross correlations (q 7^ /3). We emphasize 
that this fact does not change the sign of the whole thermal 
noise Pa/3 ~ Pi'^ ''' +Pa,3'''' which satisfles the sign rules for 
fermionic systems,-'' This follows from the general equation 
itTObl . 



B. Current shot noise 

1. Zero temperature 

At zero temperature T = 0, in the zero-frequency limit 
considered here, only a working pump is a source of a noise. 
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The noise arises because the pump generates a non-thermal 
distribution of outgoing particles with a characteristic energy 
scale of order Tiuj. This noise is quite analogous (but not 
identical) to the shot noise arising in dc-biased (with eV ^ 
TiLo) conductors. 

Substituting the adiabatic expansion for the Floquet scat- 
tering matrix Eq. in Eq. IIUI and keeping only leading 
in u) terms we get the zero temperature noise power as follows: 

P'^/5 = ^E''^^^il'r'(^)' (24a) 

q^l 

Cc^AE) = (s:^(£;)5..(£))^(s;*(s)s^,(s))_^. 

7 5 

(24c) 

Here we have introduced the matrix Cq which we relate to 
a two-particle scattering matrix in Appendix, Sec^ The 
factor qhu, with q = \n — m\, is the size of an energy window 
for electrons where the conditions for quantum mechanical 
exchange (see below) which is responsible for the shot noise 
are fulfilled. 

In Eq. Il24at the matrix elements C^^™' (fj.) are evaluated 
at the Fermi energy: E — jj,. Integrating over energy we take 
into account the fact that the adiabatic scattering matrix by 
definition [see, Eq. 11151 1 is independent of energy over the 
scale of order hco. The lower index ±g denotes the Fourier 
coefficients. 

To clarify the structure of the expression given above, let us 
consider the scattering process relevant for the zero frequency 
noise. The basic process consists of scattering of two (non 
correlated) particlesi-" These particles with energies En ~ 
E -\- nhu) and Em = E + mhu enter the sample through the 
leads 7 and S. Due to the interaction with the time-dependent 
scatterer they emit/absorb some energy quanta huj and leave 
the scatterer with energies E and Ep through the leads a and 
f3. 

The origin of noise at zero temperature is a quantum me- 
chanical exchange. This effect matters for those outgoing en- 
ergies E for which simultaneously one incoming state, say 
corresponding to the energy En in lead 7, is full (there is an 
incident particle) and another incoming state, corresponding 
to the energy Em in lead S, is empty (there is an incident 
"hole") or vice versa. Note, in general, the incoming states 
have different energies En 7^ Em- Therefore these states can 
be subject to the exchange effect only if the energy difference 
qhuj = \En — Em\ will be compensated by the oscillating scat- 
terer. Hence we are dealing with photon- assisted exchange. 
As a consequence of quantum mechanical exchange, the par- 
ticle can appear with energy E in lead a or with energy Ep 
in lead f}. 

Note that Eq. 1241 1 is only the leading term of the series 
expansion of the noise in powers of w. In principle the approx- 
imation Eq. 1161 is sufficient to calculate the next term of the 
zero temperature noise power which is of order huP /5E. 



2. High temperature: ksT ^ Ulo 

At high temperature ksT ^ hut the shot noise is only a 
part of the entire noise. In this case the term P^^' Eq. llOcll 



gives (in leading order) rise to a term proportional to ~ uj'^ in 
the current correlations. Strictly speaking we are unable to 
calculate the entire noise with an accuracy of order u;^. To this 
end one needs to know the Floquet scattering matrix with the 
same accuracy. This is beyond the approximation Eq. llfcill 
used here. In particular, the term P^*^\ Eq. llObL would 

lead to noise of the order ~ kBT(Tiu! / SE) '^ . However the shot 
noise Eq. llUcl has a characteristic temperature dependence 
(it is proportional to the inverse temperature) and thus can 
be distinguished in experiment from the thermal (~ T) noise. 

Calculating Eq. llOct to leading order in lo we use the low- 
est adiabatic approximation for the Floquet scattering matrix: 

SF{En,Em) « Sn-m{E), and fiud 

Pit' = (H) E(^^-)'^X'(^)- (25) 

9 = 1 

This quadratic in uj noise power is (for a = 0) exactly what 
was calculated by Avron et al^. 



3. Weakly energy dependent scattering matrix 

If the temperature T is small compared to the relevant 
energy scale 5E for the scattering matrix 

fcsT < 5E, (26) 

then integrating over energy in Eq. IIUI we can keep the scat- 
tering matrix as energy independent. As a result we obtain 
expression for the shot noise valid at arbitrary ratio hLj/ksT. 

Since the shot noise itself is proportional to ui then to calcu- 
late it in leading order in u we can use the Floquet scattering 
matrix in the lowest adiabatic approximation. Thus the lead- 
ing order shot noise is: 

Pit' - ^ E ^(1^'^' kBT)C':rq' (m) - (27a) 

q=l 

F{qhuj, kgT) = qhcj coth ( ) - 2fcsr, (27b) 

\2kBi J 

The first part on the RHS of Eq. 127bll is well known (with 
q = 1) from the theory of frequency dependent noise— and 
from the fluctuation-dissipation theorem [see, e.g., Ref. l93j. 
The second part on the RHS of Eq. i^7h^ (i.e., -2fcsT) 
just compensates the high temperature contribution included 
already into the thermal noise Eqs. itTObl and ll20bl . 

The equation 127all reproduces both the equation I24all at 
low temperatures fcsT ^ huj and the equation 1251 1 at high 
temperatures ksT ^ hcj. 

The shot noise, Eq. I27II . satisfies the conservation laws Eq. 
IIH . That follows directly from the sum rule for the matrix 
C{t), Eq. fOt . 

The sign rule for the shot noise follows from Eq. 1121 . 
However one can verify it directly in Eq. I27all . To this end 
we perform the inverse Fourier transformation and represent 
the shot noise, Eq. 127all . in terms of a time integral: 

Pit' = '-jr^^I^Kir)(s^,-C%y-\f.,r)), 
^ ' 

(28) 
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Since Cc,i3{r) is positively defined [see, Eq. lA.6t ] and it is 
less then unity [see, Eq. ljA.7|l ]. the shot noise P^**^^ is positive 
at a = /3 and negative at a 7^ /3. 

At zero temperature T = 0, we have K{t) — |[1 — 
cos(a;T)]~^, and for a = /3 the equation 1281 1 agrees with that 
obtained within the framework of the theory of full counting 
statistics 



C. Frequency dependence of the pump current 



At zero temperature the pump produces only shot noise, 
Eq. I24at . which is linear in pump frequency uj. At nonzero 
temperatures the pump modifies the thermal noise and pro- 
duces corrections to it which depend on pump frequency. 
Therefore the full cij-dependent noise 5Pa/3 due to the working 
pump is a sum of two contributions: SV^f} ~ P^*^'''' + Pi"^'- 
The first one is a correction to the thermal noise, Eq. l20cL 
(integrated over energy). This contribution is linear in pump 
frequency. The second one is a high temperature shot noise 
Eq. 12511 which is quadratic in pump frequency. Let us com- 
pare them. The additional thermal noise produced by the 



Heat thermal noise 



adiabatic {hcu <^ 5E) pump is of order P 
where 5E is the energy scale of S{E). The high tempera- 



(th,p) 

Q/3 



ture shot noise is of the order of P 



(sh) 



Their ratio 



is P 



(sh) i-r,{th,p) 



al3 



' /P^ 



Otis kgT 

At relatively high temperatures, 



kBT> 5E, it is p(»!')/p(*^'P) 

^ — ' a/3 / a/3 



Therefore at lower temperatures the shot noise (~ oj^) still 
prevails whereas at higher temperatures the pump produces 
mainly a linear in u thermal-like noise. 

Thus we expect that with increasing temperature the 
dependence on the pump frequency of the experimentally 
detectable additional noise power changes from linear to 
quadratic and again to linear: 



If the temperature exceeds the pump frequency fcsT ^ hu, 
Eq. 1191 . then the thermal noise P^'2^ dominates over the 



shot noise P^'2/3- The heat thermal noise consists of two 
parts: an equilibrium Nyquist - Johnson heat fiow noise— 
and a linear in u) correction due to an operating pump. The 
last term is similar to a thermal current noise, Eq. 12UII . 

Keeping S{E) ~ const we can relate the heat thermal noise 
P^'2^, Eq. 114bL (integrated over energy) to the current 
thermal noise Pj^'a', Eq. 12Ual in a very simple way 



E.afj 
p(fi) 

'^€1/3 



3e- 



■{kBTY, kBT<^SE. 



(30) 



Such a ratio is quite expected for the equilibrium thermal 
noises. That follows from the fiuctuation-dissipation theorem 
(FDT) [see, e.g., Ref. 93] relating the equilibrium fluctuations 
and the corresponding linear response functions. According 
to the FDT the current and heat fluctuations in the equi- 
librium state are proportional to the (linear response) elec- 
trical a and thermal k conductivity, respectively. If elec- 
trons are subject to only elastic scattering then the above 
conductivities are related through the Wiedemann-Franz law: 
^ = j^{kBT)'^ [see, e.g., R.ef . 15^ . For the mesoscopic (phase 
coherent) samples with energy independent scattering matrix 
the Wiedemann-Franz law (with the same ratio) can be for- 
mulated in terms of electrical G and thermal IC conductances 
which characterize the entire samplei— *— As a result we 
arrive at equation 13UII . 

It should be noted that the equation 13UII holds for the ther- 
mal noise modifled by the pump. Therefore we can suggest 
that the instantaneous currents dIa/dE Eq. 1211 generated 
by the pump can be viewed as quasi-equilibrium currents (at 
least at high temperature). 



' oj, ksT < Tiuj, 



<5P 



a/3 



(29) 



J, VhujSE < ksT. 



We reemphasize that different physical mechanisms are re- 
sponsible for the linear in ui behavior of the noise power at 
zero and at high temperatures. In the former case it is a shot 
noise whereas in the latter case it is a thermal-like noise. 



IV. ADIABATIC HEAT FLOW 
FLUCTUATIONS: WEAKLY ENERGY 
DEPENDENT SCATTERING MATRIX 

Like in the previous section we use the adiabatic approxi- 
mation given by Eqs. 1161 and 1181 . We calculate the heat 
flow noise power Eq. 1141 at relatively low temperatures: 
fcflT <^ 5E. In this case, when integrating over energy in Eq. 
1141 . we can treat the scattering matrix as energy indepen- 
dent and take it at the Fermi energy /i. We calculate the noise 
to leading order in the pump frequency ui. 



Heat flow shot noise 



Low temperature: kBT <^ Tiu 



When the temperature is lowered below the energy of the 
modulation quanta Tiuj the shot noise P^ becomes domi- 
nant. This noise is more subtle and can not be related in a 
simple way to the current shot noise P^,''^^ Eq. llOcl . even 
for an energy independent scattering matrix. The reason is 
that unlike the current shot noise the heat flow shot noise, Eq. 
114cl . is sensitive to the actual energies of outgoing particles. 

To clarify this difference we integrate over energy in Eq. 
114cl . We can do this since the adiabatic scattering matrix is 
independent of energy over the interval relevant for such an 
integration at kBT <^ hu . Introducing the difference between 
the energies of incoming states |_B„ — Em\ ~ qfiu; we flnd: 



J dE{E - M)(i5p - ^^)lME^}^ME^ 



qfiuj [ — 



(E„~E^f {E-En)(Ep-E„) + (E-E„^)(Ep-E„i) ' 
1 9 I d 



(31) 
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The first term (equal to — {qhui)'^ / 12) in tiie big round 
brackets on the RHS of Eq. H.'ilfl depends only on one en- 
ergy difference. Therefore the corresponding part of the heat 
flow noise can be represented as a sum over q by analogy with 
the current shot noise, Eq. 12411 . In contrast, the second term 
on the RHS of Eq. 13H depends on two energy differences 
and thus it results in fluctuations of a completely different 
nature. 

After these preliminary remarks let us proceed with the 
calculation of the heat flow shot noise, Eq. 114cl . To ob- 
tain the noise to leading order in the pump frequency uj we 
use the lowest order adiabatic approximation for the Floquet 
scattering matrix elements (e.g., SF,afs{Ep, En) « Sap,p-n, 
etc.). Taking into account Eq. and applying the inverse 
Fourier transformation (for all the indices except the last one) 
we obtain: 



E,al3 



■ qhu 

9 = 1 



(qTiLu)' 
6~~ 



C^ijj'M+^ilT'M). (32) 



As in the expression for the current shot noise Eq. 1241 . 
the heat current shot noise contains the factor qhu which 
gives the size of the energy window for electrons where the 
appropriate conditions for quantum mechanical exchange are 
fulfilled. 

Equation 1321 for the heat flow shot noise consists of two 
parts related directly to the two terms of Eq. 1311 . The first 
one is proportional to the matrix element C^'J^' entering the 
expression for the current shot noise, Eq. 124al . The second 
part of Eq. 1321 is determined by the new matrix Dq^^^^K 
The symmetrized elements are (see also. Appendix, Secf^: 



D 



{sym) 



Dal3,q = — E E 
7 S 



317 dt 



(33) 



The matrix D, 



(sym) 



differs essentially from the matrix 
Cq"""^' . If the latter is defined by the two-particle scatter- 
ing matrix alone, Eq. 1A.61 . the former, in addition, depends 
on the energy shift matrix, Eqs. 



ifOsl - iIXTTI . This allows 
us to consider the second term in Eq. 1321 as a manifestation 
of a novel effect which is not visible in the current shot noise, 
Eq. lOIal . 

Although both parts in Eq. 1321 originate from quantum 
mechanical exchange the energy constraints are accounted for 
differently in the two terms. In the first part (proportional to 



C, 



t^{sym)\ 



quantum mechanical averaging is decoupled from av- 



eraging over energy (for the case when the scattering matrix 
can be taken to be energy independent). Therefore we can 
interpret it in the same way as the current noise, Eq. 1241 . In 
contrast, the second part (proportional to _Dg*"™') depends 
on the energy of both the incoming and out-going particles. 
These energy can be different owing to the pump compensat- 
ing such difference. In this part averaging over energy affects 
essentially the result of quantum mechanical averaging. 

Concluding this section we briefiy discuss the dependence 
of the current-to-noise ratio on the pump frequency uj. The 
pumped current and the zero temperature current noise both 
are linear in the pump frequency. Therefore their ratio is 



independent oi u). In contrast, the dc heat flow and its 
fluctuations depend on ui in different ways. While the zero 
temperature dc heat flow Ie.c is quadratic in pump fre- 
quency [see, e.g..Refs. |22|45|| . the zero temperature heat flow 
noise is proportional to uj'^ , Eq. 1321 . Therefore the ratio 
'P E,aa/ lE,a ~ Can be made arbitrary small in the adia- 
batic limit a; — > 0. 



2. High temperature: ksT ^ hu) 

With increasing temperature the difference between the 
current and heat ffow shot noises diminishes. 

If the approximation of an energy independent scattering 
matrix, Eq. 12(il . is appropriate, then the high temperature 
heat flow shot noise is proportional to the current shot noise. 
Integrating over energy in Eqs. 114cl and Eq. 1251 we get 



E,a0 
ry(sh) 



3a 



(34) 



Here the factor is: a= f das^ cosh *(a;) « 0.43. Note, the 

— oo 

ratio in Eq. I|34|l differs from the ratio in Eq. 1)30^ only by 
the factor of 9a/(7r)^ ^ 0.39. 



V. A SIMPLE EXAMPLE 

In this section we illustrate the results obtained in sec- 
tions ^H] and performing numerical calculations for a sim- 
ple model. 

Characterization of the noise generated by pumping is of 
interest for all types of pumps but is of special interest in 
connection with quantized charge pumping. Nearly quan- 
tized charge pumping can be realized near resonant transmis- 
sion peaksi^£i^2iiii^ Therefore it is instructive to investigate 
a model which exhibits a resonance-like transmission. 

We consider a one-dimensional scatterer consisting of two 
delta function barriers Vj(x.t), j = 1,2 oscillating with fre- 
quency Lu and located at a; = —L/2 and x = L/2i— 



Vi{x,t) = (Vol -H2Vii cos{ujt + (pi))S{x+ ^), 

V2ix,t) = (Vo2+2Vi2 COs{LUt + ip2))S{x- ^), 



(35) 



Thus Vbi and V02 determine the static strength of the barriers 
whereas Vii and V12 are the oscillatory amplitudes which are 
used to pump charge. 

To calculate the noise power in the adiabatic limit it is 
enough to know the stationary scattering matrix S. Since 
the adiabatic condition hu <C SE should hold over the whole 
pump cycle, which in our case crosses the resonance line, as a 
relevant energy scale SE we choose the smallest one character- 
istic for the scattering matrix, i.e., the width of a transmission 
resonance. 

For the model under consideration the stationary scattering 
matrix is the following: 



S = 



tL /^ + 2^sm{kL) 



C + 22a-sin(fcL) 



(36) 
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1.00963 1.00966, 1.00969 1.00972 




1.007 1.008 1.009 1.010 1.011 



FIG. 2: Current noise. Zero temperature weak pumping. The 
dependence of the dc current / = Ji, in units of euj/{2-K), and 
the noise power P = Pii, in units of e^uj/n, on the Fermi 
wave number kp- The transmission resonance through the 
double barrier structure is at kp = 1.00968. The parameters 
are: L = IOOtt; Voi = V02 = 20; Vn = V12 = 0.1; ip2 - fi = 
tt/2. 



Here k = ^^S; p, = V,m/h^ (j = 1,2); ^ = (1 - A)e-*^ 

A = 1 + £iga(e2*'=^ - 1) + i^^^- In numerical calculations 
we use the units 2m — h — e = 1. We take L = IOOtt; 
Vol = V02 = 20 and investigate pumping for Fermi energies 
far exceeding an interlevel distance. We chose it close to the 
101st resonance state of the well which is at kp = 1.00968. 



A. Current noise power 



FIG. 3: Current noise. Zero temperature strong pumping. 
Parameters are the same as in Fig|5|except that Vn — V12 = 
10. Note the different scales in comparison to Fig. H . 



the noise shows a non monotonic behavior in the vicinity of 
the transmission resonance. Note also that the scale of the 
vertical axis is very different in FigH and FigOl While for 
a small amplitude pump cycle we explore only the scatter- 
ing properties in the immediate vicinity of the resonance, the 
large amplitude pump cycle can enclose the resonance even 
if the center of the pump cycle is already "far" from reso- 
nance. For large amplitude pumping the maximum pumped 
current is achieved if the resonance lies well in the interior of 
the pump cycle. 

To characterize the noise efficiency of the pump we use the 
Fano factor F [see, e.g., Ref. 90j which is the ratio of the actual 



In the two channels case (a,/3 = 1,2) the current noise 
power matrix P can be entirely characterized by only one 
matrix elementi— This is because of the conservation law Eq. 
(im . To be definite we consider current auto correlations Pn. 



1. Zero temperature 

At zero temperature only the shot noise matters. In Fig|5| 
and Fig|3]we present the noise power P = Pn together with 
the dc pumped current / = Ji as a function of the Fermi 

wave number kp = \J 7^ A* in the vicinity of a transmission 

resonance for weak (Vij <C Voj) and strong {Vij ~ Vbj) pump- 
ing regimes, respectively. Note that at zero temperature the 
pumped current la isi— 

00 

^-='^|;E E <i\s^p,'^it')\' ■ (37) 

[3 g — — 00 

We see that with increasing amplitude Vij of the oscillatory 
pump parameters the magnitude of the noise power increases. 
At the same time relative to the pumped current the noise 
power decreases. In addition, in the strong pumping regime 





1 1 1 1 

i I 


1 




\\ weak pumping 






U \ strong pumping v \ 






1 1 1 1 





1.0063 1.0098 1.0133 1.0168 1.0203 1.0238 

K 

FIG. 4: Current noise. The Fano factor for weak (dashed 
line) and strong (solid line) pumping at zero temperature. 
Parameters are the same as in Figs|21and|31 The transmission 
resonances through the double barrier structure are at kp — 
1.00968 and at kp = 1.019677. 
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noise power Pea and the Poisson noise value 
corresponding to the dc pumped current I = Ii 
the following 

Pii 



F = 



|2e/i| 



pL^^ = |2e/| 
We calculate 

(38) 



In Fig|l]we present the Fano factor F vs. kp. Note that 
qualitatively we find the same dependence for weak (dashed 
line) and strong (solid line) pumping. However in the strong 
pumping regime the Fano factor is smaller. Out of resonance 
the Fano factor is close to unity. Close to resonance where 
the charge pumped for a cycle Q — IT « e is approximately 
quantized the Fano factor approaches zero that is fully con- 
sistent with existing discussions—*—*— in the literature. 

Note that the large value of the Fano factor, Eq. 13811 . in 
the weak pumping regime has a simple explanation. In fact, 
the Fano factor, as defined in Eq. 13811 . does not reflect the 
underlying physics of the pump effect. The working pump 
generates non-equilibrium quasi-electron-hole paira^ which 
dissolve into quasi-electrons and quasi-holes after leaving the 
scattering region. The entire pumped current / consists of 
two contribution: I = I^"^ — One of them I^'^^ is due 

to the flow of quasi-electrons and the other /'''^ is due to the 
flow of quasi-holes. In the weak pumping regime we have 
^ jC") and / < The noise is a sum of sta- 

tistically independent contributions from electrons P'*^' and 
holes P'**^ and a term which describes correlations*^ due to 
the common origin of electron-hole pairs P''^'"'. The noise 
power can be expressed as a sum of these contributions: 
P = Pf'^' + PC^' + Pf'^'''. The Fano factor calculated for 
each kind of particles, f'^^ = p(^V(2e/''''), a; = "e","/i" is 
close to unity. In contrast, the Fano factor, Eq. 13811 . calcu- 
lated with respect to the total current / can be much larger, 
reaching super-Poissonian values. 



2. High temperature 

At high temperature the pump generates shot noise, Eq. 
1251 1. and contributes to the thermal noise, Eq. 12Ucl . These 
two contributions depend on both the pump frequency uj and 
the temperature T in different ways. Therefore we consider 
them separately. 

For simplicity we suppose the temperature to be smaller 
then the width 5E of the transmission resonance: 



Tiuj < fcsT < 5E. 



(39) 



In this case we can safely integrate over energy in Eqs. 
120al l. 1251 1 and can express the noise power in terms of the 
scattering matrix elements given at the Fermi energy /i . Per- 
forming the inverse Fourier transformation we find the current 
auto correlations: 




3 



p(th,p) 



1 .0080 1 .0085 



1 .0090 1 .0095 



1.0100 



FIG. 5: Current noise. High temperature strong pumping. 
The dependence of the pump induced contributions to the 
noise power P'"'') = v[f\ Eq. ilHat . and p(*'^'P) = p'f 'f', 
Eq. 14Qbt . on the Fermi wave number kp- For comparison 
the thermal noise pt"''") = p'f Eq. ll20bl . (dashed line) 
is presented as well. All the quantities are given in arbitrary 
units. Parameters are the same as in Figl^ 



In Fig. we depict pC'^-P) 



,(t/i,p) 



and Pt"'^) = Pii 



(sh) 



(in arbitrary units) for strong pumping close to the transmis- 
sion resonance. The thermal noise pC'"-'') = l^-^j^yj^jjl^ is 
depicted as well. 

The behavior of the high temperature shot noise P^"'') is 
similar to that of both the zero temperature shot noise, FigEl 
and the thermal noise Pt"'-''', Fi g|^(dashed line). In contrast, 
the pump induced correction to the thermal noise P'*'*'*') is 
essentially different. In the case under consideration, first, it 
is essentially negative, and, second, it contributes within a 
narrow energy window. 



B. Heat flow noise power at zero temperature 

Since the heat flow noise differs from the current noise only 
at low temperatures ksT <^ hui we present the results of 
calculations for the heat flow noise only for T = 0. 

Together with the heat flow noise we calculate the heat 
current Ie a- In the adiabatic case the heat current readsi— 



47r 



(41) 



/3 g— — oc 



,(sh) 



GivksT 



E 



dt 



Like the current noise the heat flow noise is essentially dif- 
(40a) ferent in weak [Vij <C Voj) and strong (Vij ~ Voj) pumping 
regimes. 



T ^ ^ ^ 1. Weak pumping 

i(th,p) _ . e ksT f ^-sr^ f dSaS dSgs _ dSaS dS^j ^ 

St^c ^ 'in this regime the heat flow noise peaks when the lermi en- 

(40b) ergy /i matches a transmission resonance energy. This is very 
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0.08 




0.00 0.20 0.40 0.60 0.80 1.00 

Acp, 2n 



FIG. 6: Heat flow noise at the transmission resonance. Zero 
temperature weak pumping. The dependence of the dc heat 
flow Ie,i = Ie,2, in units of hu^ /{4:-k), the heat auto correla- 
tions P_E,ii, Pe,22, in units of lOh^Lo'^ /n, and the heat cross 
correlations Pe,i2 = Pb,21, in units of Ti^Lo^f-K, on the phase 
difference Atp — (pi ~ (p2, in units of 2n. kp ~ 1.00968. The 
other parameters are the same as in Fig|5| 
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FIG. 7: Heat flow noise. Zero temperature strong pumping. 
The dependence of the dc heat flows Ie = Ie,i = Ie,2, in 
units of Tiuj'^ / (Aty) , and its noise PB,a/3, in units of WOTi^uj^/'k, 
on the Fermi wave number kp- The transmission resonance 
through the double barrier structure appears at kp = 1.00968. 
Parameters are the same as in FigEl 



similar to the current noise, Fig|21 However the dependence 
on the phase difference ipi — ip2 clearly shows the difference 
between the heat flow noise and the current noise. This is re- 
lated to the fact that the pump is a source of heat flows and 
thus neither the heat flows nor its fluctuations are subject to 
the conservation laws, Eq. lllll . 

Note that the heat flows are sensitive to the spatial asym- 
metry of the scatterer: if Voi 7^ V02 and/or Vii 7^ V12 then 
Ie.i 7^ Ie,2- Similarly to the heat flow current, the heat flow 
noise is sensitive to the spatial asymmetry of the scatterer. 
In addition the heat flow auto correlations are sensitive to a 
weak spatial asymmetry arising if the time reversal invariance 
is broken by the working pump.^^ Let us consider a station- 
ary scatterer which is spatially symmetric: Vbi ~ Vo2- Fur- 
ther suppose that the potentials Vbi and V02 oscillate with 
small amplitudes and with a phase lag Aip = ipi — (p2- If 
A95 7^ then the time reversal invariance is broken. This in 
turn breaks the spatial symmetry of a double barrier. Note 
that neither the heat and charge currents nor the current noise 
do feel this induced spatial asymmetry. 

In Fig|n] we present the heat flow auto correlations 
PE,jj,j = 1,2 and the heat flow cross correlations Pb,i2 ~ 
Pb,21 together with the dc heat flow Ie,i = Ie,2 as a func- 
tion of the phase difference ipi — (p2 for the weak {Vij ^ Voj) 
pumping regime at the transmission resonance. Note the dif- 
ferent units for auto correlations and cross correlations. 

We see that the heat flow noise cross correlations are neg- 
ative like the current cross correlations. However unlike the 
current noise the heat flow auto correlations are unrelated to 
the cross correlations. In addition the heat flow auto corre- 
lations are different at both leads. This is a consequence of 
the sensitivity to the heat flow noise to the induced spatial 
asymmetry discussed above. 



2. Strong pumping 

In Fig|7|we present the heat flow noise together with the dc 
heat flow as a function of the Fermi wave number kp in the 
vicinity of the transmission resonance at strong (Vij ~ Voj) 
pumping. Note the increase of the ratio Pi2/Pqci compared 
with the weak pumping regime. In Fig|S| P12 and P^a are 
given on different scales whereas in Fig|7|they are given on 
the same scale. 

Close to the transmission resonance the heat noise and its 
fluctuations show a non monotonic dependence on the Fermi 
energy fi (the Fermi wave vector kp)- However unlike the 
current noise, Fig|3 the heat flow noise remains large even at 
near quantized charge pumping. 



C. Breit-Wigner resonance 

We conclude this section with a brief discussion of the sharp 
drop of the pumped current and noise in the strong pumping 
regime occurring just after the transmission resonance [see, 
FigEl FigEl and FiglH. 

At strong pumping the pumped charge is large if the 
pumping contour encloses the resonance line corresponding 
to E = EpM For our model, Eq. (I35II . and for well sepa- 
rated transmission resonances each time only one resonance 
contributes to the pumped charge and noise. If the Fermi 
energy Ep changes then the corresponding resonance line [in 
the plane of pump parameters (Vi, V2)] can leave the pumping 
contour [the trace of the point with coordinates {Vi{t), V2{t)) 
]. This leads to a strong decrease of the pumped current. To 
flnd the conditions when the resonance line is enclosed by the 
pumping cycle we proceed as follows. 

If the transmission resonances are well separated then only 
the one closest to the Fermi energy Ep (say, A'^-th) contributes 
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to the pumped current. In such a case for our purposes we 
can approximate the scattering matrix S Eq. I|86|l by the 
Breit-Wigner scattering matrix S ~ Sbw'- 



Sbw ~ 



-1 



AE + ii 



26 



The A''-th transmission resonance occurs at iJ = En 
with k 



2m 



JV 



ttN / 1 L (' J I 

L 2L\pi ^ P2y 



following notations: AE 



1,2; 



TTiV + i [Ol + 62 



. Here we introduced the 

En; r = Ti + r2; Tj = 

J - iJ - -L,^- 



Other parameters are defined after Eq. 

The pumping contour encloses the resonance line (at least, 
in part) if the resonance condition Ep = -Ejv can be achieved 
during the pumping cycle. Using the dependence fcjv(pi,p2) 
we rewrite the resonance condition as follows [pj — mVj/Ti^): 



mL 



Viit) V2{t) h^Ei, 



El. 



Ef 



where Eno = ^(^)^- Since all the quantities are positive 
one can conclude that the above equation has a solution only 
if Ef < Eno- In contrast, at Ef > Eno the resonance line lies 
fully away from the pumping cycle and the pumped charge is 
vanishingly small. Therefore with increasing Ef the pumped 
current (and noise) decreases as soon as the Fermi energy 
crosses some resonance state i?jvo in a nearly isolated (V^ ^ 
oo) well. 



VI. CONCLUSION 

We have generalized the scattering matrix approach to 
adiabatic pumping in a system of noninteracting spinless 
fermions of Ref. [i^ to the case of a strong amplitude quan- 
tum pump. Consequently, our approach takes into account 
the energy absorption and emission (by modulation quanta 
nhu!, n = 1, 2, . . . ) of electrons traversing the oscillating scat- 
terer. This allows a description of the correlation properties 
(noise) of a pump at high {ksT ^ Tiuj) as well as at low 
{ksT ^ hu) temperatures. We found that the noise pro- 
duced by the pump is described by photon-assisted quantum 
mechanical exchange amplitudes. 

At low temperature the pump is the main source of a noise. 
The low temperature noise is linear in pump frequency lj 
and it can be viewed as an analog of the shot noise in dc- 
biased conductors^ At high temperature the pump produces 
characteristic high temperature corrections to the equilibrium 
Nyquist- Johnson noise. These corrections are quadratic in the 
pump frequency at lower temperatures but become linear in lj 
if the temperature increases, Eq. 12911 . The last contribution 
is due to existence of instantaneous currents, Eqs. 12H and 
1221 1. generated by the pump. 

The pump is a source of heat flows4- From the scatterer 
to the reservoirs the energy is carried by electrons traversing 
the pump. The quantum statistical nature of electron flow 
leading to current noise results in heat flow fluctuations as 
well. At low temperature {ksT <C tiu) the pump produces a 
heat flow shot noise which exceeds the equilibrium Nyquist- 
Johnson heat flow noise. 



The theory presented allows a unifled description of cor- 
relation properties of multi-terminal quantum pumps serving 
as a source of both current and energy flows at low as well as 
at relatively high temperatures. We argue that even the adi- 
abatic quantum pump is at zero temperature a far from equi- 
librium system but it approaches a quasi-equilibrium state as 
the temperature increases beyond the scale Tiu; determined by 
the pump frequency lu. We found that at low temperature the 
correlation properties of energy flows differ essentially from 
the correlation properties of currents generated by the pump. 
In contrast at high temperature both correlations are related 
to each other in accordance with the fluctuation dissipation 
theorem. 
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APPENDIX 

1. Linear in frequency thermal noise 

In this section we present in detail the calculation of the 
thermal noise, Eq. llObt , within the adiabatic approximation. 
First, using the adiabatic approximation, Eq. llbll . we evalu- 
ate the transmission probabilities from the Floquet scattering 
matrix element with an accuracy of uj: 

\SF.^^{E„,Ef = (1 + \S^-,AEf 

+2nijRe[S'^^_„iE)Ac,^,4E)] + 0{lo^). 

Then performing the inverse Fourier transformation we sum 
over n: 



|'S'F,a7(£'n, -E)| = J ^ -j | S'c^ (-E, t) | 
dEdt '^"7 

{E,t) 



n— — oc 







at 



as 



+ 



+2hLuRe[S^^{E,t)Ac~,{E,t)]j + 0{uj'^). 

To remove the second order derivative we integrate by parts 
over t. Further using an equality which can be obtained from 
Eq. JTHJ (see also Rei^ 

4huj ^ RelSo.a-zAa-,] = VlSo; Sl}aa, 

7 

we sum over 7: 

°° I |2 
J2 J2 \SF,a-Y{E„, E)\ = 
n— — 00 

^ '' eta 
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The remaining part is as follows 

~ I I 'S'F,ci/3(-E'n, + \SF,f3a{E„, E)\ 



Here we have introduced a symmetrized spectral current 
density dl'^^^/dE = dIais/dE + dIpa/dE generated by the 
pump.'^^ The spectral current density is: 



Finally collecting together all the terms we obtain Eqs. 



2. Two- particle scattering matrix 

The scattering matrix 5* collects all the quantum mechan- 
ical amplitudes corresponding to the scattering of a single 
particle by the multi-terminal sample. This quantity is ap- 
propriate to describe the observable, like a current, which can 
be represented as a sum over single-particle states. 

The noise, the quantity of interest in the present paper, 
is different. It is a current-current correlation function and, 
thus, the noise involves essentially two-particle scattering 
(even for noninteracting particles) To characterize two- 
particle scattering it is convenient to introduce a two-particle 
scattering matrix E. 

In a general non-stationary case the scattering matrix 5* 
depends on two times (an arrival time, and a departure time) , 
and thus the matrix E depends on four times (two times for 
each particle). However within the adiabatic picture used in 
the present paper the scattering matrix S{t) depends on only 
one time. It is the scattering matrix frozen at the time the 
particle traverses the scatterer. Therefore within the frozen 
scattering matrix approximation the matrix E depends on two 
times only. We define this matrix as follows: 



±{ti,t2)=S{ti)S^{t2). 



(A.l) 



This definition is appropriate for describing of an electron 
hole scattering process relevant for the zero temperature shot 
noise, Sec lIIIBTl The time arguments determine the scatter- 
ing matrix encountered by the electron at time ti and by the 
hole at time t2. 

The scattering matrix Eq. (lA.H assumes implicitly that 
electron and hole enter the scatterer through the same lead. 
Note if an electron and hole are in the same lead then they 
have no effect on the average current nor on the zero frequency 
noise of interest here. Therefore we can say that the scattering 
matrix E describes effectively a two particle scattering process 
with only an outgoing electron and a hole. These outgoing 
particles can be viewed as composing an electron-hole pair 
generated by the pump. 

In this Appendix we collect some evident but useful prop- 
erties of a two-particle frozen scattering matrix E(ti,t2). 

The matrix E(ti,t2) is unitary 



and it is a unit matrix at coincident times 
t{ti,ti) =7. 



(A.3) 



Here 7 is a unit matrix with matrix elements lap = S^p- 

At times which are close to each other: ti = t + At, t2 — t, 
At 0, we can write 



T,{ti,t) = 7-f (^l-^)a^lE(^)-f 



(^l - tf 



(A.4) 



Here we have introduced the abbreviations 9"jS(t) = 
£l|i£i£l| = eiil£)s't(i). The diagonal element 

dti'Saa{t) — Ia{t) IS proportioual to a zero temperature 
current la pushed by the scatterer into the lead a. 

For the scatterer with periodically evolving properties the 
matrix E is periodic in both arguments: 



E(fi,t2) = T.{ti+T,t2) = T,{ti,t2+T). 



(A.5) 



The squared matrix element |Ea/3(ti, t2)P is the probabil- 
ity for an electron and a hole to leave the scattering region 
through the lead a at time moment ti and the lead /3 at time 
moment t2, respectively. Averaging it over the middle time 
t — we find the matrix element of the matrix C{t) 

(where t = t\ — t2) which defines the correlations of currents 
produced by the pump: 



, , I dt \ I T T 



(A.6) 



By definition the matrix C{t) is real and positive. In ad- 
dition, since the matrix E is unitary we have 



(A.7) 



The matrix Cq of the corresponding Fourier coefficients (en- 
tering the equation 12411 for the noise) 



is a self adjoint matrix 



Cq — Cq . 



(A.8) 



(A.9) 



This equation can be easily proven if one expresses Cafs^q 
in terms of the (Fourier coefficients for the product of two) 
elements of the single particle scattering matrix S [Eqs. lA.ll , 
21 and iTOl l: 

Caf),q = X] X] {^ai^c,i)q {^0J^0s)* ■ (A. 10) 

7 S 



Here we used : Ag — {A*)-q. 

Equation lA.lOII leads to the relation: Ca0,q — ^pa,q: 
which is nothing but Eq. (IA.9II . In addition, since Ca p is 
real and therefore Cai3,q — C*p _q, we have C*^ _q = Cpa^q- 
This means that the matrix C(r) is subject to the following 
symmetry condition 



E(ti,t2)Et(ti,t2) =7, 



(A.2) 



Ca/lir) — Cpai—r). 



(A.U) 
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We would like to emphasize that this condition has nothing 
to do with a true micro reversibility condition. In a gen- 
eral non-stationary case— the micro reversibility implies not 
only a reversal of the time argument and an interchange of 
lead indices (or more generally, interchanging of incoming and 
outgoing channels) but also the change of the relative phases 
of all relevant time-dependent processes. For instance, if two 
parameters Xi = Xoi cos(a;i + ifii), i = 1,2 of a scatterer 
change periodically in time with phase lag A(p = ipi — ifi2 
then the micro reversibility means (in an adiabatic case) an 
invariance under the following interchange: (a, (3, t, A<^) 
{/3, a, ~t, —Aip). In contrast, the matrix C{t) is invariant 
already under the substitution: (a, /3, t) — > (/3, a, — r) (note 
that T = ti — t2 is a, time difference which obviously changes 
a sign when time is reversed). 

If time reversal invariance (TRI) is present: C^'^'^'Ht) = 
(7(^^^'(-r), then it follows from Eq. HA. 11^ that the matrix 
is symmetric in lead indices 



C 



(TRI) 



c: 



(TRI) 



(A.12) 



a/3 ^ l3a 

Note the symmetrized matrix c'-^'v^) (^r) = 

^ (^{t) + C{~t)^ defining the zero frequency shot noise 

power, Eq. 12811 . is obviously symmetric in lead indices as 
well 

^isy^) ^ ^i.y^) ^ (A. 13) 

Finally note the useful equality 



The proof is as follows. Using Eq. lA.lOII we get 



(A.14) 



Here we used the unitarity condition for the single particle 
scattering matrix. 



3. The matrix D 

We define the matrix D{t), whose Fourier coefficients enter 
the expression for the zero temperature heat noise power, Eq. 
13211 ■ in analogy with the matrix C'(t), Eq. 1A.6II : 



1 

(A.15) 

Here c.c. means complex conjugate terms. Here we have in- 
troduced a new matrix: 



i{ti,t2) = h 



2dS(M)dSU^ 
dti dt2 ' 



(A.16) 



This matrix can be represented as a product of two energy 
shift matrixes and a two-particle scattering matrix: 

E{ti,t2)^£(t-i)t(h,t2)£\t2). (A.17) 
The energy shift matrix £{t) is defined as foUowsi— 



7 S q——o 



7 c5 



The matrix 3{ti,t2) emphasizes an importance of energies 
of particles for the heat flow fluctuations. 
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